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Abstract Understanding the rate at which new species
form is a key question in studying the evolution of life on
earth. Here we review our current understanding of speci-
ation rates, focusing on studies based on the fossil record,
phylogenies, and mathematical models. We ﬁnd that spe-
ciation rates estimated from these different studies can be
dramatically different: some studies ﬁnd that new species
form quickly and often, while others ﬁnd that new species
form much less frequently. We suggest that instead of
being contradictory, differences in speciation rates across
different scales can be reconciled by a common model.
Under the ‘‘ephemeral speciation model’’, speciation is
very common and very rapid but the new species produced
almost never persist. Evolutionary studies should therefore
focus on not only the formation but also the persistence of
new species.
Keywords Adaptation  Incipient speciation 
Geographic isolation
How often do new species form? Studies of plant and
animal speciation rates have focused on different species,
over different time scales, using different methods (e.g.,
Simpson 1944; Givnish 2000; Coyne and Orr 2004). Here
we review our current understanding of speciation rates,
focusing on reconciling what we know from studies of
speciation based on the fossil record, phylogenies, and
mathematical models. We ﬁnd that speciation rates esti-
mated from these different studies can be contradictory,
with some rates clearly much faster than others. Given that
some rates seem ‘‘too slow’’ and some seem ‘‘too fast’’, is
there a single framework that predicts rates that are ‘‘just
right’’? To reconcile results from different approaches, we
highlight an ‘‘ephemeral speciation model’’, under which
new species form frequently but rarely persist.
Background
The most common way to estimate rates of speciation is to
use data from the fossil record. Paleontological studies
estimate how many new species formed over a given time
interval (the per lineage speciation rate; e.g., Stanley 1979;
Van Valen 1985; Jablonski 1986; Hulbert 1993; Sepkoski
1993). Many paleontological estimates of speciation rates
have been calculated from groups with reasonably com-
plete fossil records like marine invertebrates (e.g., Raup
and Sepkoski 1982; Peters 2005). For groups with incom-
plete fossil records, sophisticated statistical analyses can
correct for incomplete sampling (e.g., Alroy et al. 2008;
Foote 2000; Ezard et al. 2011). Paleontological approaches
for inferring speciation rates use direct information about
species that lived in the past, whereas other methods
(discussed below) must infer the past dynamics indirectly.
The primary limitation of paleontological studies is the
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limited specimen material, uneven sampling effort, and/or
taphonomical biases; Raup 1979; Sepkoski 1998; Alroy
et al. 2008). Furthermore, paleontological studies generally
rely on higher taxa (Valentine 2004), and how these tax-
onomic groups are deﬁned can have a profound inﬂuence
on inferred speciation rates (Ezard et al. in press).
Paleontological studies suggest that speciation rates
vary widely both through time and across lineages. Most
paleontological estimates of per-lineage speciation rates
range from 0.01 to 10 speciation events per lineage per
million years (Sepkoski 1998); Sepkoski (1998) suggests a
‘‘canonical’’ estimate of 0.3 speciation events per lineage
per million years. Even though this rate varies tremen-
dously both across taxa and through time (Sepkoski 1998),
it can serve as a rough but useful ‘‘benchmark’’ for com-
parisons across datasets.
Speciation rates can also be inferred from phylogenetic
studies of extant species. This approach requires phyloge-
nies whose branch lengths have been scaled to time. The
simplest way to calculate speciation rates from these trees
is to compare species richness to clade age, which provides
a minimum bound on the rate of speciation, assumed to be
constant (Magallon and Sanderson 2001; but see Rabosky
2009, 2010 who warns against this approach). Another
approach is to ﬁt models (i.e., birth–death models) to
phylogenetic branch lengths and estimate rates of specia-
tion and potentially extinction (reviewed in Nee 2006).
Using phylogenies of extant species takes advantage of the
wealth of data from the tree of life (Hedges and Kumar
2009). However, phylogenetic trees are estimated with
error, do not include direct information about extinct spe-
cies, and suffer from a number of biases related to sam-
pling, all of which can affect speciation rate estimates (e.g.,
Revell et al. 2005; Phillimore and Price 2008; Rabosky
2010; Cusimano and Renner 2010; Brock et al. 2011).
Despite these potential caveats, most phylogenetic
studies of speciation rates recover estimates that are of the
same order of magnitude as the fossil record. One meta-
analysis of speciation rates estimated from phylogenies
found rates that ranged from 0.01 to 10 speciation events
per lineage per million years under a pure birth model
(McPeek and Brown 2007). An approach that estimated
both speciation and extinction rates simultaneously recov-
ered speciation rates of the same order of magnitude (e.g.,
Alfaro et al. 2009).
In contrast to the studies discussed above, many studies
of young evolutionary radiations estimate very high rates
of speciation. These estimates often come from adaptive
radiations in insular habitats (e.g., islands and lakes; see
Losos and Ricklefs, 2010, and chapters therein). For
example, one of the best-known examples of rapid diver-
siﬁcation is the cichlid ﬁshes in lakes of the African Rift
Valley (Seehausen 2006). Estimated speciation rates for
cichlid species ﬂocks are quite high. An extreme example
occurs in Lake Victoria, where speciation rates might be as
high as 400 speciation events per lineage per million years
(i.e., the formation of *450 species in *15,000 years,
Johnson et al. 1996; Genner et al. 2004; but see Day et al.
2008). Other studies suggest that similarly high speciation
rates may occur in other systems [e.g., Hawaiian drosophila
(Coyne and Orr 2004), silverswords (Baldwin and
Sanderson 1998)]. In fact, there are several well-known
adaptive radiations that have occurred so quickly, it is
extremelydifﬁculttoinferthetruephylogeneticrelationships
among species [e.g., Galapagos ﬁnches (Sato et al. 1999;
Petren et al. 1999; Burns et al. 2002; Grant and Grant 2007),
three-spined sticklebacks (reviewed in Schluter 2000)].
Concordant with studies of young evolutionary radia-
tions, mathematical models of speciation also suggest that
speciation rates can be quite high. Mathematical models
of speciation take a number of forms, including models
of sympatric speciation (e.g., Maynard-Smith 1966;
Felsenstein 1981; Dieckmann and Doebeli 1999; Doebeli
and Dieckmann 2003), models of divergence with gene ﬂow
(e.g., Wu 2001; Hausdorf 2011), models of speciation in
allopatry (e.g., Gavrilets 2003), and metapopulation models
of adaptive radiations (e.g., Gavrilets and Vose 2005).
Modeling approaches allow for a mechanistic understand-
ing of how speciﬁc parameters inﬂuence the process of
speciation, but are obviously limited by their simplifying
assumptions. For example, models of speciation make
speciﬁc assumptions about population structure, genetic
architecture, and the strength and type of selection. Addi-
tionally, mathematical models must necessarily assume a
relatively simplistic species concept. Model assumptions
and parameter values can have dramatic impacts on the
dynamics of speciation models (reviewed in Gavrilets
2004).
Mathematical models of speciation almost never focus
on speciation rate per se, and instead generally ask whether
or not speciation occurs and, if so, how long it takes from
start to ﬁnish (i.e., the speciation ‘‘transition time’’, Coyne
and Orr 2004). Transition times estimated from mathe-
matical models are typically very fast (e.g., Doebeli and
Dieckmann 2003, but see Orr and Turelli 2001). However,
transition times are not directly related to speciation rates,
which describe the time from one speciation event to the
next (i.e., the speciation ‘‘waiting time’’). One modeling
study that focused explicitly on speciation rates found that
when speciation occurred, the waiting time for speciation
varied between 5,000 to more than 200,000 generations
depending on model parameters (Gavrilets 2000). For
organisms with a generation time of 1 year, this corre-
sponds to speciation rates of 2–200 speciation events per
lineage per million years. These rates are comparable to the
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evolutionary radiations discussed above, and likely repre-
sent an upper bound for speciation rates. It is difﬁcult to
deﬁne a lower bound for speciation rates from mathemat-
ical model because these models typically do not focus on
parameter values where speciation never happens.
Ephemeral Speciation Model
Speciation rates estimated from studies at different time
scales suggest a contradiction. Mathematical models of
speciation and studies of young evolutionary radiations ﬁnd
that new species can form quickly and often. However,
phylogenetic studies over longer time scales and paleon-
tological studies ﬁnd that new species usually form more
slowly. What explains this apparent discrepancy in speci-
ation rates across different types of studies?
Here we call attention to an explanation that may help
unify what we know about speciation rates from paleon-
tological, phylogenetic, and mathematical studies: the
‘‘ephemeral speciation model’’. It is possible that specia-
tion is very common and very rapid, but that the new
species produced almost never persist. Therefore we sug-
gest that some approaches (e.g., studies of speciation in
action and mathematical models) actually focus on the
formation of ephemeral species while others (e.g., phylo-
genetic studies over longer time scales and paleontological
studies) focus on the persistence of these ephemeral spe-
cies. Instead of being a contradiction, these differences in
speciation rates reﬂect two aspects of the same underlying
model: the formation and the persistence of ephemeral
species.
The concept of fragile new species has deep historical
roots. The idea that many more incipient species form than
persist traces back to Mayr (1963). Stanley (1978, 1985)
also discussed this phenomenon, referring to these failed
incipient species as ‘‘aborted species’’ (Almon 1992). Levin
(2000, 2005) proposed a related idea for plants where many
incipient species form and have differential survival
(i.e., ‘‘isolate selection’’). Other authors have discussed
characteristics necessary for ‘‘successful speciation’’ (e.g.,
geographic range expansion and ecological niche differen-
tiation (Price 2008; Rundell and Price 2009). Hubbell’s
neutral theory of ecology also exhibits high turnover of
young ‘‘incipient’’ species (Hubbell 2001; Rosindell et al.
2010; Etienne and Rosindell 2011). Our suggested name—
‘‘the ephemeral speciation model’’—takes inspiration from
Futuyma’s ephemeral diversiﬁcation model (which focuses
primarily on trait change: Futuyma 1979, 2010).
Under an ephemeral speciation model, new incipient
species are constantly forming at a high rate (Fig. 1).
Recent research on mechanisms of speciation suggest that
speciation can occur via a plurality of interacting mecha-
nisms (e.g., geography, selection, genomic rearrangements;
see Coyne and Orr 2004; Gavrilets 2004). Thus the condi-
tions for some mode of speciation may often be met in nat-
ural populations. Although speciation occurs frequently in
the ephemeral speciation model, persistence of incipient
species is rare. The lack of persistence could be due to
extinction or ‘‘reabsorption’’ via hybridization of the incip-
ient species (Seehausen et al. 1997; Seehausen 2006; Taylor
et al. 2006; Richmond and Jockush 2007; Behm et al. 2010).
Forexamplesupposethatinsomecladesspeciationtypically
happens in small allopatric populations at the edge of a
species range (Mayr 1963). These new species will be very
vulnerabletoextinctionandtochangesintheconditionsthat
maintain reproductive isolation (Mayr 1963). New species
are also likely tobe fragile under other non-allopatric modes
of speciation as well [e.g., new polyploid species have very
small population sizes (Holloway et al. 2006) and new
ecological species require continued divergent selection
until other forms of reproductive isolation evolve (Nosil and
Sandoval 2008)]. Therefore failed speciation is common
because speciation takes time to complete and because
conditions change over time.
The ephemeral speciation model is consistent with two
key empirical observations. First, what taxonomists rec-
ognize as species are often comprised of many incipient
forms. Species typically show extensive genetic and phe-
notypic variation, and this variation is usually hierarchi-
cally structured (Avise 2000; Bickford et al. 2007; Mallet
2008). These incipient forms are recognized taxonomically
by a variety of names (e.g., geographic races, subspecies,
incipient species; Simpson 1944; Mayr 1982). Here we
follow the general lineage concept of species, which
encompasses many different species concepts as points
along a continuum and which is consistent with the idea
that species themselves can be a collection of distinct lin-
eages (De Queiroz 2005). Second, new species can be
unstable. When incipient species form, they can go extinct
or cause their parental forms to go extinct (e.g., Hegde
et al. 2006). Additionally, incipient species can collapse
and be reabsorbed by their parental form (Mallet 2008).
One recent example is the collapse of a stickleback species
pair in Enos Lake (Taylor et al. 2006; Behm et al. 2010),
but similar collapses of incipient species have been
observed in cichlids (Seehausen 2006); trout (Bettles et al.
2005), Galapagos ﬁnches (Grant and Grant 1993, 2008);
skinks (Richmond and Jockusch 2007) and house spiders
(Croucher et al. 2007).
One way to model ephemeral speciation over long time
scales is to use a simple high turnover birth–death model
with high speciation and high extinction rates (e.g., Alfaro
et al. 2009). These high turnover models do a good job of
predicting species diversity in clades of intermediate age
Evol Biol (2012) 39:255–261 257
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ﬁshes (Santini et al. 2009)]. But high turnover birth–death
models are inconsistent with empirical data in three ways.
First, high turnover models predict that species deep in the
tree should accumulate exponentially through time (i.e.,
linear lineage through time plot, Nee et al. 1992), but this
pattern is not commonly seen in phylogenetic trees (Ru ¨ber
et al. 2005; Phillimore and Price 2008). Second, high
turnover models suggest that the persistence of incipient
species should be random, but empirical work on persis-
tence of populations across a species range suggests that
population survival is not typically random with respect to
both biotic and abiotic factors (e.g., Levin 2000, 2005;
Owens et al. 2000; Jones et al. 2003; Cardillo et al. 2008).
Third, in high turnover models, species fail to persist only
because they go extinct, but incipient forms can fail to
persist because they are reabsorbed. Therefore, more
elaborate models of ephemeral speciation are needed.
We suggest that ephemeral speciation models should be
hierarchical (Gould 1980) where incipient forms are con-
stantly forming and dissolving inside larger entities (i.e.,
species, Fig. 1a). There are several existing models that
consider a hierarchical process where ‘‘incipient’’ forms
arise and go extinct at a higher rate than ‘‘full’’ species
(Cadena et al. 2005; Pons et al. 2006; Phillimore et al.
2007; Pigot et al. 2010). The most general example is
Phillimore et al. (2007) who ﬁnd that the rate of bird
‘‘subspeciation’’ is between 30 and 40 times higher than the
rate of speciation (see also Martin and Tewksbury 2008).
There are several important consequences of hierarchi-
cal models of ephemeral speciation (Fig. 1). First, species
go extinct only when all incipient forms are lost. Therefore
the extinction rate is no longer a property of a species but
depends on the number of incipient forms within the spe-
cies and their extinction rate. Second, like other hierar-
chical models (e.g., Wakeley 2008; Hubbell 2001), the
ephemeral speciation model predicts an uneven distribution
of incipient form within species (Fig. 1b): a few species
will contain many incipient forms while most species
will contain few (consistent with the observation that rare
species are common; Lim et al. 2011). Third, this uneven
Fig. 1 Simulation of a hierarchical model of ephemeral speciation.
The model has three parameters: the incipient speciation rate, the
incipient extinction rate, and the rate of formation of ‘‘full species’’.
Simulation results are consistent with the core qualitative predictions
presented in the text. (a) A phylogenetic tree showing that species are
composed of many incipient forms, most of which go extinct or are
reabsorbed via hybridization (inset). (b) A frequency distribution
showing the uneven distribution of incipient forms within species.
The x-axis shows the number of incipient species contained in each
‘‘full species’’. (c) A lineage through time plot showing an ‘‘early
burst’’ of speciation due to the preferential survival of clades that
form many new species by chance early in their history
b
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and extinction rates across species. Species with many
incipient forms will have high speciation and low extinc-
tion rates compared to species with few incipient forms
(see also Kisel and Barraclough 2010). The unevenness of
speciation rates across taxa is consistent with the fact that
phylogenetic trees tend to be more unbalanced than birth–
death models predict (Mooers and Heard 1997). Finally,
under the ephemeral speciation model it is very likely for
entire clades of newly formed species to go extinct. The
clades that survive to the present day are disproportionately
likely to have undergone a burst of speciation early in their
history (Phillimore and Price 2008), which could be an
explanation for observed slowdowns in lineage accumula-
tion through time (see also Pigot et al. 2010, Fig. 1c).
Finally, the conceptual link between the ephemeral
speciation model and the ephemeral divergence model
(Futuyma 1979; Futuyma 2010) reﬂects a common pattern
for rates of trait evolution and rates of speciation. New
incipient forms are constantly arising within species.
Similarly, traits are constantly changing in response to
local selection pressures and/or drift. In both cases these
changes rarely persist over long time scales. It is important
to note that we are not arguing for a model of punctuated
equilibrium; trait change may or may not be associated
with the formation of incipient species (Bokma 2008). The
important point is that most of the change that occurs over
short time periods does not last. Therefore a fundamental
shift suggested by both ephemeral models is that evolu-
tionary studies of diversity patterns should focus on not
only the formation but also the persistence of new traits and
species [e.g., why do some some species persist and others
perish quickly? (Levin 2000, 2005; Weir and Schluter
2007; Martin and Tewksbury 2008; Stanley 2008)].
Although some discussion of the fragile nature of
species has occurred in the evolutionary biology literature
over the last 50 years, we suggest that the idea of
ephemeral speciation has not been deeply incorporated in
the way scientists think about speciation. Following
Hutchinson (1959), evolutionary biologists have often
referred to Santa Rosalia when asking why are there so
many or so few species on Earth (e.g., Felsenstein 1981).
We suggest that the ephemeral speciation model provides
a resolution to the Goldilocks paradox of species diversity:
the balance between rapid species formation and rare
persistence can explain why the number of species on
Earth is ‘‘just right’’.
Acknowledgments We thank NSF funding to EBR and LJH from
the BEACON Center for Evolution in Action (DBI-0939454), to
EBR (DEB-1054062), and to LJH (DEB-0919499). We thank Dolph
Shluter, Jonathan Losos, Patrik Nosil, Justin Meyer, James Rosindell,
and Jenny Boughman for feedback on the ideas incorporated in this
manuscript.
Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use, dis-
tribution, and reproduction in any medium, provided the original
author(s) and the source are credited.
References
Alfaro, M. E., Santini, F., Brock, C., Alamillo, H., Dornburg, A.,
Rabosky, D. L., et al. (2009). Nine exceptional radiations plus
high turnover explain species diversity in jawed vertebrates.
Proceedings of the National academy of Sciences of the United
States of America, 106, 13410–13414.
Allmon,W.D.(1992).Acausalanalysisofstagesinallopatricspeciation.
In J. Futuyma & J. Antonovics (Eds.), Oxford surveys in evolution-
ary biology, volume 8; D. Oxford: Oxford University Press.
Alroy, J., Aberhan, M., Bottjer, D. J., Foote, M., Fursich, F. T.,
Harries, P. J., et al. (2008). Phanerozoic trends in the global
diversity of marine invertebrates. Science, 321, 97–100.
Avise, J. C. (2000). Phylogeography: The history and formation of
species. Cambridge, MA: Harvard University Press.
Baldwin, B. G., & Sanderson, M. J. (1998). Age and rate of
diversiﬁcation of the hawaiian silversword alliance (composi-
tae). Proceedings of the National academy of Sciences of the
United States of America, 95, 9402–9406.
Behm, J. E., Ives, A. R., & Boughman, J. W. (2010). Breakdown in
postmating isolation and the collapse of a species pair through
hybridization. The American Naturalist, 175, 11–26.
Bettles, C. M., Docker, M. F., Dufour, B., & Heath, D. D. (2005).
Hybridization dynamics between sympatric species of trout:
Loss of reproductive isolation. Journal of Evolutionary Biology,
18, 1220–1233.
Bickford,D.,Lohman,D.J.,Sodhi,N.S.,Ng,P.K.,Meier,R.,Winker,
K., et al. (2007). Cryptic species as a window on diversity and
conservation. Trends in Ecology & Evolution, 22, 148–155.
Bokma, F. (2008). Detection of ‘‘punctuated equilibrium’’ by
Bayesian estimation of speciation and extinction rates, ancestral
character states, and rates of anagenetic and cladogenetic
evolution on a molecular phylogeny. Evolution, 62, 2718–
2726.
Brock, C. D., Harmon, L. J., & Alfaro, M. E. (2011). Testing for
temporal variation in diversiﬁcation rates when sampling is
incomplete and nonrandom. Systematic Biology, 60, 410–419.
Burns, K. J., Hackett, S. J., & Klein, N. K. (2002). Phylogenetic
relationships and morphological diversity in Darwin’s ﬁnches
and their relatives. Evolution, 56, 1240–1252.
Cadena, C. D., Ricklefs, R. E., Jimenez, I., & Bermingham, E. (2005).
Ecology: Is speciation driven by species diversity? Nature, 438,
E1–E2.
Cardillo, M., Mace, G. M., Gittleman, J. L., Jones, K. E., Bielby, J., &
Purvis, A. (2008). The predictability of extinction: Biological
and external correlates of decline in mammals. Proceedings of
Biological Sciences, 275, 1441–1448.
Coyne, J. A., & Orr, H. A. (2004). Speciation. Sunderland, MA:
Sinauer Associates, Inc.
Croucher, P. J., Jones, R. M., Searle, J. B., & Oxford, G. S. (2007).
Contrasting patterns of hybridization in large house spiders
(tegenaria atrica group, agelenidae). Evolution, 61, 1622–1640.
Cusimano, N., & Renner, S. S. (2010). Slowdowns in diversiﬁcation
rates from real phylogenies may not be real. Systematic Biology,
59, 458–464.
Day, J. J., Cotton, J. A., & Barraclough, T. G. (2008). Tempo and
mode of diversiﬁcation of lake tanganyika cichlid ﬁshes. PLoS
ONE, 3, e1730.
Evol Biol (2012) 39:255–261 259
123de Queiroz, K. (2005). Ernst Mayr and the modern concept of species.
Proceedings of the National academy of Sciences of the United
States of America, 102, 6600–6607.
Dieckmann, U., & Doebeli, M. (1999). On the origin of species by
sympatric speciation. Nature, 400, 354–357.
Doebeli, M., & Dieckmann, U. (2003). Speciation along environ-
mental gradients. Nature, 421, 259–264.
Etienne, R. S., & Rosindell, J. (2011). Prolonging the past counteracts
the pull of the present: Protracted speciation can explain
observed slowdowns in diversiﬁcation. Systematic Biology, doi:
10.1093/sysbio/syr091.
Ezard, T. H., Aze, T., Pearson, P. N., & Purvis, A. (2011a). Interplay
between changing climate and species’ ecology drives macro-
evolutionary dynamics. Science, 332, 349–351.
Ezard, T. H., Pearson, P. N., Aze, T. & Purvis, A. (2011). The
meaning of birth and death (in macroevolutionary birth-death
models). Biol Lett (in press).
Felsenstein, J. (1981). Skepticism towards Santa Rosalia, or why are
there so few kinds of animals. Evolution, 35, 124–138.
Foote, M. (2000). Origination and extinction components of taxo-
nomic diversity: Paleozoic and post-paleozoic dynamics. Paleo-
biology, 26, 578–605.
Futuyma, D. J. (1979). Evolutionary biology. Sunderland, MA:
Sinauer.
Futuyma, D. J. (2010). Evolutionary constraint and ecological
consequences. Evolution, 64, 1865–1884.
Gavrilets, S. (2000). Waiting time to parapatric speciation. Proceed-
ings of Biological Sciences, 267, 2483–2492.
Gavrilets, S. (2003). Perspective: Models of speciation: What have we
learned in 40 years? Evolution, 57, 2197–2215.
Gavrilets, S. (2004). Fitness landscapes and the origin of species.
Princeton, NJ: Princeton University Press.
Gavrilets, S., & Vose, A. (2005). Dynamic patterns of adaptive
radiation. Proceedings of the National academy of Sciences of
the United States of America, 102, 18040–18045.
Genner, M. J., Seehausen, O., Cleary, D. F. R., Knight, M. E., Michel,
E., & Turner, G. F. (2004). How does the taxonomic status of
allopatric populations inﬂuence species richness within African
cichlid ﬁsh assemblages? Journal of Biogeography, 31, 93–102.
Givnish, T. J., Evans, T. M., Zjhra, M. L., Patterson, T. B., Berry,
P. E., & Sytsma, K. J. (2000). Molecular evolution, adaptive
radiation, and geographic diversiﬁcation in the amphiatlantic
family rapateaceae: Evidence from ndhf sequences and mor-
phology. Evolution, 54, 1915–1937.
Gould, S. J. (1980). Is a new and general theory of evolution
emerging? Paleobiology, 6, 119–130.
Grant, B. R., & Grant, P. R. (1993). Evolution of Darwin’s ﬁnches
caused by a rare climatic event. Proceedings of Biological
Sciences, 251, 111–117.
Grant, P. R., & Grant, B. R. (2007). How and why species multiply:
The radiation of Darwin’s ﬁnches. Princeton, NJ: Princeton
University Press.
Grant, B. R., & Grant, P. R. (2008). Fission and fusion of Darwin’s
ﬁnches populations. Proceedings of the Royal Society of London.
Series B, 363, 2821–2829.
Hausdorf, B. (2011). Progress toward a general species concept.
Evolution, 65, 923–931.
Hedges, S. B., & Kumar, S. (2009). The timetree of life. New York:
Oxford University Press.
Hegde, S. G., Nason, J. D., Clegg, J. M., & Ellstrand, N. C. (2006).
The evolution of california’s wild radish has resulted in the
extinction of its progenitors. Evolution, 60, 1187–1197.
Holloway, A. K., Cannatella, D. C., Gerhardt, H. C., & Hillis, D. M.
(2006). Polyploids with different origins and ancestors form a
single sexual polyploid species. The American Naturalist, 167,
E88–E101.
Hubbell, S. P. (2001). The uniﬁed neutral theory of biodiversity and
biogeography. Princeton: Princeton University Press.
Hulbert, R. C. (1993). Taxonomic evolution in North American
neogene horses (subfamily equinae): The rise and fall of an
adaptive radiation. Paleobiology, 19, 216–234.
Hutchinson, G. E. (1959). Homage to Santa Rosalia, or why are there
so many kinds of animals? The American Naturalist, 93,
145–159.
Jablonski, D. (1986). Background and mass extinctions: The alterna-
tion of macroevolutionary regimes. Science, 231, 129–133.
Johnson, T. C., Scholz, C. A., Talbot, M. R., Kelts, K., Ricketts,
R. D., Ngobi, G., et al. (1996). Late Pleistocene desiccation of
Lake Victoria and rapid evolution of cichlid ﬁshes. Science, 273,
1091–1093.
Jones, K. E., Purvis, A., & Gittleman, J. L. (2003). Biological
correlates of extinction risk in bats. The American Naturalist,
161, 601–614.
Kisel, Y., & Barraclough, T. G. (2010). Speciation has a spatial scale
that depends on levels of gene ﬂow. The American Naturalist,
175, 316–334.
Levin, D. A. (2000). The origin, expansion, and demise of plant
species. Oxford: Oxford University Press.
Levin, D. A. (2005). Isolate selection and ecological speciation.
Systematic Botany, 30, 233–241.
Lim, G. S., Balke, M. & Meier, R. (2011). Determining species
boundaries in a world full of rarity: Singletons, species
delimitation methods. Syst Biol (in press).
Losos, J. B., & Ricklefs, R. E. (2010). The theory of island
biogeography revisited. Princeton, NJ: Princeton University
Press.
Magallo ´n, S., & Sanderson, M. J. (2001). Absolute diversiﬁcation
rates in angiosperm clades. Evolution, 55, 1762–1780.
Mallet, J. (2008). Hybridization, ecological races and the nature of
species: Empirical evidence for the ease of speciation. Philo-
sophical Transactions of the Royal Society of London. Series B,
Biological sciences, 363, 2971–2986.
Martin, P. R., & Tewksbury, J. J. (2008). Latitudinal variation in
subspeciﬁc diversiﬁcation of birds. Evolution, 62, 2775–2788.
Maynard Smith, J. (1966). Sympatric speciation. The American
Naturalist, 100, 637–650.
Mayr, E. (1963). Animal species and evolution. Cambridge, MA:
Belknap Press.
Mayr, E. (1982). Of what use are subspecies? Auk, 99, 593–595.
Mcpeek, M. A., & Brown, J. M. (2007). Clade age and not
diversiﬁcation rate explains species richness among animal taxa.
The American Naturalist, 169, E97–E106.
Mooers, A. O., & Heard, S. J. (1997). Inferring evolutionary process
from phylogenetic tree shape. Quarterly Review of Biology, 72,
31–54.
Nee, S. (2006). Birth-death models in macroevolution. Annual Review
of Ecology Evolution and Systematics, 37, 1–17.
Nosil, P., & Sandoval, C. P. (2008). Ecological niche dimensionality
and the evolutionary diversiﬁcation of stick insects. PLoS ONE,
3, e1907.
Orr, H. A., & Turelli, M. (2001). The evolution of postzygotic
isolation: Accumulating Dobzhansky-Muller incompatibilities.
Evolution, 55, 1085–1094.
Owens, I. P., & Bennett, P. M. (2000). Ecological basis of extinction
risk in birds: Habitat loss versus human persecution and
introduced predators. Proceedings of the National academy of
Sciences of the United States of America, 97, 12144–12148.
Peters, S. E. (2005). Geologic constraints on the macroevolutionary
history of marine animals. Proceedings of the National academy
of Sciences of the United States of America, 102, 12326–12331.
Petren, K., Grant, B. R., & Grant, P. R. (1999). A phylogeny of
Darwin’s ﬁnches based on microsatellite DNA length variation.
260 Evol Biol (2012) 39:255–261
123Proceedings of the Royal Society of London. Series B, 266,
321–329.
Phillimore, A. B., Orme, C. D., Davies, R. G., Hadﬁeld, J. D., Reed,
W. J., Gaston, K. J., et al. (2007). Biogeographical basis of
recent phenotypic divergence among birds: A global study of
subspecies richness. Evolution, 61, 942–957.
Phillimore, A. B., & Price, T. D. (2008). Density-dependent
cladogenesis in birds. PLoS Biology, 6, e71.
Pigot, A. L., Phillimore, A. B., Owens, I. P., & Orme, C. D. (2010).
The shape and temporal dynamics of phylogenetic trees arising
from geographic speciation. Systematic Biology, 59, 660–673.
Pons, J., Barraclough, T. G., Gomez-Zurita, J., Cardoso, A., Duran,
D. P., Hazell, S., et al. (2006). Sequence-based species
delimitation for the DNA taxonomy of undescribed insects.
Systematic Biology, 55, 595–609.
Price, T. D. (2008). Speciation in Birds. Greenwood Village, CO:
Roberts and Company Publishers.
Price, T. D., & Rundell, R. J. (2009). Adaptive radiation, nonadaptive
radiation, ecological speciation and nonecological speciation.
Trends in Ecology & Evolution, 24, 394–399.
Rabosky, D. L. (2009). Ecological limits on clade diversiﬁcation in
higher taxa. The American Naturalist, 173, 662–674.
Rabosky, D. L. (2010). Extinction rates should not be estimated from
molecular phylogenies. Evolution, 64, 1816–1824.
Raup, D. M. (1979). Biases in the fossil record of species and genera.
Bulletin of the Carnegie Museum of Natural History, 15, 85–91.
Raup, D., & Sepkoski, J. J. (1982). Mass extinctions in the marine
fossil record. Science, 215, 1501–1503.
Revell, L. J., Harmon, L. J., & Glor, R. E. (2005). Underparameter-
ized model of sequence evolution leads to bias in the estimation
of diversiﬁcation rates from molecular phylogenies. Systematic
Biology, 54, 973–983.
Richmond, J. Q., & Jockusch, E. L. (2007). Body size evolution
simultaneously creates and collapses species boundaries in a
clade of scincid lizards. Proceedings of Biological Sciences, 274,
1701–1708.
Rosindell, J., Cornell, S. J., Hubbell, S. P., & Etienne, R. S. (2010).
Protracted speciation revitalizes the neutral theory of biodiver-
sity. Ecology Letters, 13, 716–727.
Ru ¨ber, L., & Zardoya, R. (2005). Rapid cladogenesis in marine ﬁshes
revisited. Evolution, 59, 1119–1127.
Santini, F., Harmon, L. J., Carnevale, G., & Alfaro, M. E. (2009). Did
genome duplication drive the origin of teleosts? A comparative
study of diversiﬁcation in ray-ﬁnned ﬁshes. BMC Evolutionary
Biology, 9, 194.
Sato, A., O’Huigin, C., Figueroa, F., Grant, P. R., Grant, B. R., Tichy,
H., et al. (1999). Phylogeny of Darwin’s ﬁnches as revealed by
mtDNA sequences. Proceedings of the National academy of
Sciences of the United States of America, 96, 5101–5106.
Schluter, D. (2000). The ecology of adaptive radiations. Oxford:
Oxford University Press.
Seehausen, O. (2006). African cichlid ﬁsh: A model system in
adaptive radiation research. Proceedings of the Royal Society of
London. Series B, 273, 1987–1998.
Seehausen, O., van Alphen, J. J. M., & Witte, F. (1997). Cichlid ﬁsh
diversity threatened by eutrophication that curbs sexual selec-
tion. Science, 277, 1808–1811.
Sepkoski, J. J., Jr. (1993). Ten years in the library: New data conﬁrm
paleontological patterns. Paleobiology, 19, 43–51.
Sepkoski, J. J., Jr. (1998). Rates of speciation in the fossil record.
Philosophical Transactions of the Royal Society of London.
Series B, 353, 315–326.
Simpson, G. G. (1944). Tempo and mode in evolution. New York,
NY: Columbia University Press.
Stanley, S. M. (1978). Chronospecies’ longevities, the origin of
genera, and the punctuational model of evolution. Paleobiology,
4, 26–40.
Stanley, S. M. (1979). Macroevolution: Pattern and process. San
Francisco: W. H. Freeman and Co.
Stanley, S. M. (1985). Rates of evolution. Paleobiology, 11, 13–26.
Stanley, S. M. (2008). Predation defeats competition on the seaﬂoor.
Paleobiology, 34, 1–21.
Taylor, E. B., Boughman, J. W., Groenenboom, M., Sniatynski, M.,
Schluter, D., & Gow, J. L. (2006). Speciation in reverse:
Morphological and genetic evidence of the collapse of a three-
spined stickleback (Gasterosteus aculeatus) species pair. Molec-
ular Ecology, 15, 343–355.
Valentine, J. W. (2004). On the origin of phyla. Chicago, IL:
University of Chicago Press.
Van Valen, L. (1985). Patterns of origination. Evolutionary Theory, 7,
107–125.
Wakeley, J. (2008). Coalescent theory: An introduction. Greenwood
Village, CO: Roberts & Company Publishers.
Weir, J. T., & Schluter, D. (2007). The latitudinal gradient in recent
speciation and extinction rates of birds and mammals. Science,
315, 1574–1576.
Wu, C. I. (2001). The genic view of the process of speciation. Journal
of Evolutionary Biology, 14, 851–865.
Evol Biol (2012) 39:255–261 261
123